INTRODUCTION {#SEC1}
============

Understanding the mechanisms of gene regulation is one of the major challenges in molecular biology and bioinformatics. In order to get the big picture, diverse sub-fields emerged to study the underlying principles of transcriptional, post-transcriptional, translational and post-translational levels of gene regulation. Short, conserved and non-coding RNA families, so-called microRNAs (miRNAs), were shown to orchestrate major pathways in a post-transcriptional manner by targeting 3′ untranslated regions (UTRs) of mRNAs in mammals and plants ([@B1],[@B2]). While early studies focused on the validation of human microRNAs and those found in important model organisms such as mouse and rat, the focus has been broadly expanded to characterize miRNAs in a larger set of metazoan species ([@B3]). To this end, several reference databases such as miRBase, miRCarta and miRGeneDB and different nomenclatures were established ([@B4]). Since the number of miRNAs discovered is steadily rising ([@B7]), a remarkable amount of studies already validated microRNA target genes and their function in a multitude of cell-types, tissues and disease phenotypes ([@B8],[@B9]). These global research efforts have led to an accumulation of novel data. To scale up with these developments and to gain deeper insights into miRNA functionality, robust statistical methods and curated databases are in great demand, especially to integrate all the important findings from miRNA discovery, target validation and target gene function ([@B10],[@B11]).

One of the key questions of functional miRNA analysis is which pathways or cellular functions are regulated by a given miRNA (miRNA-centric view), or conversely, which miRNAs regulate a given gene set or pathway (pathway-centric view) ([@B12],[@B13]). To solve these problems, several tools and databases have been proposed so far. From a miRNA-centric view, the miRTar database, which links individual miRNAs to metabolic pathways ([@B14]) and miRSystem, providing pre-computed enrichments of target genes in pathways ([@B15]), should be noted. Moreover, pure enrichment-based tools like miEAA, the bioconductor package miRNApath, or BUFET that are based on many-to-many relationships can process lists of miRNA identifiers to compute pathway associations ([@B16]). More specialized miRNA-centric tools include miRNet ([@B19]), which is a networks-based approach and miTALOS v2 ([@B20]) that annotates miRNA functions in a tissue-specific manner. PolymiRTS ([@B21]) is a pathway-centric database that maps SNPs in target sites to gene categories and phenotypes, i.e. disease traits.

Only a minor fraction of the tools and databases support both miRNA- and pathway-centric applications. These include the online database miRNApath ([@B22]), the R package CORNA ([@B23]), DIANA-miRPath v3.0 ([@B24]) incorporating GO and KEGG enrichments derived from predicted and validated miRNA-target interactions, and finally *miRPathDB* v1 ([@B25]), which in turn is based on our very first dictionary on miRNAs and target pathways ([@B26]).

After the initial release of *miRPathDB*, miRNA research has made notable progress. Novel miRNAs have been discovered, the number of experimentally validated target genes has increased tremendously. Most importantly, new reference databases emerged that either catalog validated miRNAs with high confidence ([@B6]), or that contain thousands of novel miRNA candidates ([@B5]). Additionally, we evaluated publications, citing our database, to identify common application scenarios, new visualizations and useful downstream applications ([@B27]). An overview of these publications can be found in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

The new version of *miRPathDB*, provides access to target genes and regulated pathways not only for miRNAs from miRBase (Version 22.1), but also from miRCarta (Version 1.1). This increases the provided information by more than a factor of ten compared to the original version. Second, our database now also provides similarity information for all miRNAs based on their sequence, genomic position, target genes and target pathways. This information not only allows to query miRNAs with similar properties and to cluster miRNAs based on their similarity, but also to assess the regulatory potential of new candidate miRNAs. On top of the new data compilation, *miRPathDB* provides several interactive tools for user-specific analyses. From a miRNA perspective, we developed an appealing miRNA-to-pathway heatmap visualization that intuitively shows which pathways are regulated by a given set of miRNAs. To serve the pathway-centric use-case as well, we have formulated and implemented an Integer Linear Program (ILP) to automatically extract a set of miRNAs whose targetome covers a user-provided pathway or set of genes. Taken together, the new version of *miRPathDB* is a comprehensive resource to study the function of miRNAs in human and mouse.

MATERIALS AND METHODS {#SEC2}
=====================

Our database integrates information of miRNAs, miRNA--target interactions (MTIs), and signaling pathways from several third-party resources. In the following sections, we describe the respective data sources and all processing steps performed to create the underlying data collection. Additionally, we describe the methodology of new downstream analysis features.

miRNA resources {#SEC2-1}
---------------

The database stores information on all human and mouse miRNAs from miRBase (Version 22.1) and from miRCarta (Version 1.1), including miRNA candidates. Validated MTIs were acquired from miRTarBase (Version 7) ([@B30]) and pre-processed to create two subsets for each miRNA: all MTIs independent of their type of experimental evidence and only those with a strong level of evidence. On top of this, we predicted target genes for each miRNA sequence using TargetScan (Version 7.1) ([@B31]) and MiRanda (Version 3.3a) ([@B32]). Based on the prediction output, we also created two further list of MTIs: the intersection and the union of all predictions, which is a common strategy to account for putative sources of bias from target prediction tools and to balance sensitivity versus specificity ([@B25],[@B33]). As 3′ UTR input target set for the two algorithms, we used the curated annotations from *targetscan.org* for both human and mouse runs. Each program was executed using its default set of parameters.

Pathway databases and enrichment analysis {#SEC2-2}
-----------------------------------------

In order to determine whether a specific miRNA is associated with a particular biological process or signaling pathway, we used the enrichment analysis functionality of the GeneTrail2 C++ library ([@B34]). To this end, we analyzed functional categories from the Gene Ontology ([@B35]), as well as signaling pathways from KEGG ([@B36]), Reactome ([@B37]) and WikiPathways ([@B38]). For each pair of miRNA and functional category, we applied a hypergeometric test to check if the pathway contains significantly more target genes than expected by chance. Resulting p-values were FDR-adjusted ([@B39]) and a significance level of 0.05 was selected.

miRNA similarities {#SEC2-3}
------------------

We also calculated similarities between all miRNAs and miRNA candidates based on their seed sequence, mature sequence, target genes and target pathways. For the string comparison, we calculated the Hamming distance between the sequences of all miRNA pairs, once using the full mature sequences and once the 7-nt substrings starting at position 2 from the 5′ end of the mature sequence. Given the hamming distance *H*~*d*~ between two sequences of length *l*, we defined the pairwise sequence similarity as $\documentclass[12pt]{minimal}
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}{}$1 - (\frac{H_d}{l})$\end{document}$. The similarity of two sets containing either target genes or pathways was calculated using the Jaccard coefficient. Moreover, we compared miRNAs according to the positions of their genomic loci by computing the minimal distance between miRNAs annotated to the same chromosome.

Customized pathway heatmaps {#SEC2-4}
---------------------------

The custom heatmap depicts which pathways are regulated by a user defined set of miRNAs. To create a heatmap, we first select all pathways that are significantly enriched for the targets of at least one of the specified miRNAs. The obtained p-values are used to construct a matrix that contains the −log~10~-transformed and discretized *P*-values for the set of miRNAs and all enriched pathways. Finally, similar miRNAs and pathways are clustered together by applying an hierarchical approach (Ward's method with Euclidian distance) to both rows and columns of the matrix. The clustered matrix is subsequently displayed as an interactive heatmap, implemented using the Highcharts JavaScript library.

Maximum targetome coverage analysis {#SEC2-5}
-----------------------------------

A noteworthy issue in functional miRNA research is to find a small number of miRNAs that are sufficient to regulate a given gene set, e.g. a particular signaling cascade or pathway. To solve this problem, we first search for the 'best' miRNA (*k* = 1) that regulates the maximal number of genes of the given target set. Next, we increase the considered number of miRNAs step-by-step (*k* ≔ *k* + 1) until all target genes are covered or a predefined *k*~max~ is reached. For each *k*, we report an optimal set of miRNAs and the regulated target genes.

The problem to find the optimal set of miRNAs for one particular *k* is closely related to the maximum coverage problem, which can be solved using Integer Linear Programming (ILP). A formal definition of this problem can be found in the online documentation and Supplement S2. The ILP was implemented in C++ using the CPLEX optimization framework. Finally, results of an analysis are visualized by an interactive plot using the Highcharts JavaScript library.

OVERVIEW OF miRPathDB 2.0 {#SEC3}
=========================

*miRPathDB* stores information on (candidate) miRNAs, their target genes and their target pathways. To access this information, our database offers users two distinct representations: a miRNA-centric and a pathway-centric view. An overview table and a detailed description of each miRNA or pathway are available. The representations can either be accessed through the overview tables or a query in the quick-search bar. A general description of these representations has already been presented in the original manuscript ([@B26]). Hence, we describe the extensive changes of the miRNA-centric view, the interactive analysis tools, and the new export functionality in the following sections.

NEW MIRNA-CENTRIC VIEW {#SEC4}
======================

Here, we explain the different levels of information *miRPathDB* offers for each miRNA or miRNA candidate.

General information {#SEC4-1}
-------------------

On the top of each miRNA page, we provide general information about the respective miRNA: the precursor mapping, the sequence of the mature miRNA, seed and corresponding parent stem loops, and all annotated genomic loci. Additionally, specific links to external reference database (miRBase and miRCarta) entries for all miRNAs and for corresponding precursors and family assignments are deposited. On top of this, each miRNA entry is linked to other third-party databases, like the TissueAtlas ([@B40]) or miRTargetLink ([@B41]), not only to improve the usability, but also to complement the features of *miRPathDB* with other essential tools for miRNA analysis.

miRNA-target interactions (MTIs) {#SEC4-2}
--------------------------------

Below the general information section, the website renders a responsive, sortable, and fully searchable table containing all target genes of an examined miRNA. For each gene, we also highlight in which of the four evidence sets it is contained. Table rows can be filtered using the text boxes below each column. Users can export both filtered and unfiltered tables in different file formats (CSV, Excel and PDF).

Targeted pathways {#SEC4-3}
-----------------

One major focus of our database is to provide information on associations between miRNAs and their putative target pathways. Likewise to the table for target genes, the pathways are shown in another fully responsive table. It contains, for the different evidence sets, all pathways that are significantly enriched with targets of the examined miRNAs. For each pathway, the number of contained target genes, the number of target genes that are expected by chance, and a FDR-adjusted *P*-value are listed. Since users might be interested in a specific subset of results, the table can be filtered with respect to all fields. For example, users can select significant pathways for a certain MTI evidence level, or only pathways that contain a specific gene of interest. Each pathway cell is linked to the corresponding external database entry, which often displays additional information like a description of the pathway or the underlying gene network.

miRNA similarities {#SEC4-4}
------------------

At the bottom of each miRNA page, a novel table containing similarity information of the selected miRNA with respect to all other miRNAs from the same organism, including miRNA candidates, is displayed (Figure [1](#F1){ref-type="fig"}). The table lists the seed and full sequence similarities, the chromosomal distance, in case miRNAs are annotated on the same chromosome and eight Jaccard coefficients, measuring the similarity of target genes and target pathways for the different evidence sets of MTIs. Analogously to information about target genes and pathways, this table can be filtered, searched, sorted, resized, and exported for further usage.

![Example of the new pairwise miRNA similarity table. The figure shows the pre-computed similarities for hsa-miR-106a-5p sorted by sequence similarity (mature) in increasing order. Furthermore, the table is filtered to show only miRNAs and miRNA candidates having 100% seed similarity. The Jaccard index provides additional information about the functional similarity of each miRNA and miR-106a-5p for predicted targets and target pathways.](gkz1022fig1){#F1}

NEW INTERACTIVE DATABASE FUNCTIONALITY {#SEC5}
======================================

In addition to a new data compilation, *miRPathDB* features several new interactive tools for advanced user-specific database queries and analyses.

Custom pathway heatmaps {#SEC5-1}
-----------------------

A common question in miRNA research is, whether targets of deregulated miRNAs are similarly enriched in certain biological processes or are associated with distinct molecular functions ([@B27],[@B28]). In order to help users to tackle this question, we developed an interactive heatmap visualization. To create this plot, a user needs to specify a list of miRNAs as well as the evidence level for the MTIs. *miRPathDB* automatically selects all functional categories that are significantly enriched for the targets of at least one of the specified miRNAs. Results are represented as a heatmap, where each row depicts enrichment results for the respective functional categories. The color of individual entries corresponds to the p-value of the associated enrichment result. Darker colors indicate more significant enrichments of miRNA target genes in the corresponding biological processes. On top of this, users may specify the resolution of the resulting heatmap and download the image in different file formats (PNG, JPEG, PDF and SVG). An example heatmap is shown in Figure [2](#F2){ref-type="fig"}. Our customized heatmap feature provides a rapid overview of molecular functions and signaling pathways that are potentially regulated by a specific miRNA set. This analysis might even be helpful to assess possible downstream effects of deregulated miRNAs in high-throughput studies.

![Example of the custom heatmap visualization. The figure depicts the enrichment results of hsa-miR-18b-5p, hsa-miR-135a-5p, hsa-let-7a-5p and hsa-miR-200a-3p for the categories of the KEGG database and strongly experimentally validated MTIs. Rows represent the enrichment results for the targets of the four miRNAs. Columns represent all KEGG pathways that are significant for the different miRNAs. For demonstration purposes, the heatmap was filtered to only show pathways with at least two associated miRNAs. The color of individual fields represent the −log~10~-transformed *P*-value of the respective enrichment results. Darker colors indicate more significant associations between miRNA and target pathway.](gkz1022fig2){#F2}

Maximum targetome coverage analysis {#SEC5-2}
-----------------------------------

While the previous feature allows downstream analysis from a miRNA-centric view, by mapping a given miRNA set to enriched target pathways, *miRPathDB* also provides functionality for the reverse direction, i.e. given a set of target genes *G*, find a minimal set of miRNAs that target all genes in *G*. To this end, we provide a tool that iteratively computes *k* miRNAs (for all *k* ∈ {1, 2, \..., *k*~max~}) with a maximal number of targets in *G* (see Materials and Methods). To start the maximum coverage analysis, a user must upload a list of genes, select the desired level of evidence that should be used to lookup the MTIs and set the largest *k* = *k*~max~ where the algorithm should stop. The results of such an analysis are displayed in an interactive line-graph that plots *k* against the number of covered target genes (Figure [3](#F3){ref-type="fig"}, left). For each *k*, a node is inserted in the graph that can be selected. Upon selection of a node, the website displays an optimal set of miRNAs of the corresponding size *k* along with the list of overlapping target genes (Figure [3](#F3){ref-type="fig"}, right).

![Example of the interactive visualization for a user-specific maximum-coverage analysis. The curve on the left indicates how many of the specified target genes can be targeted by an increasing number of miRNAs. Here the x-axis shows the increasing number of miRNAs and the Y-axis the number of covered target genes. Users are able to click on every point of the curve to inspect the corresponding miRNAs and targeted genes. An example for *k* = 2 is depicted on the right-hand side.](gkz1022fig3){#F3}

DATA EXPORT {#SEC6}
===========

Most of the views in *miRPathDB* offer dedicated export functionality. All tables in the miRNA-centric and the pathway-centric view can be filtered and downloaded in different formats (CSV, Excel and PDF). Additionally, we host downloads for all processing steps of the enrichment analyses. Users are able to acquire the unprocessed enrichment results, i.e. a table containing detailed information for each functional category. Furthermore, a table containing all pairs of miRNA and pathways and their −*log*~10~-transformed p-values is available. *miRPathDB* also supplies all functional categories in Gene Matrix Transposed (GMT) format (cf. Online documentation).

CONCLUSION {#SEC7}
==========

Recent advancements in miRNA research yielded huge numbers of novel miRNAs, miRNA candidates, and experimentally validated MTIs. This circumstance motivated a novel release of *miRPathDB*. Besides miRNAs and their targets, our database also provides information about associations between pathways and miRNAs. Beyond the ten-fold increase of data, our database now offers powerful tools for the visualization and downstream analysis of database queries. In particular, users are able to search similar miRNAs, create interactive clustered heatmaps and to determine a minimal set of candidate regulators that are sufficient to target a specified gene list. In summary, *miRPathDB* 2.0 is the most comprehensive publicly available resource to assess the relationship between microRNAs, their targets and cellular functions for human and mouse.

Supplementary Material
======================

###### 

Click here for additional data file.
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==================

[Supplementary Data](https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz1022#supplementary-data) are available at NAR Online.
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